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SUMMARY 

A radial-inlet impeller based on two -dimensional -flow theory 
has been investigated in a research program to establish correlation 
between flow theory and impeller performance. The simplifying 
assumptions of an infinite number of blades and an incompressible 
fluid were made for this impeller design. The blade shape was 
determined by imposing a predetermined vortex distribution that 
was chosen to relieve the loading in the critical regions of the 
impeller passage . The performance of the impeller was experimentally 
obtained in a variable -component test unit in conjunction with a 
vaneless diffuser of NACA design. An analysis of flow character- 
istics in the compressor, using static -pressure experimental data 
and the assumption of an infinite number of blades, indicated that 
the peak impeller efficiency was high and that the low over-all 
efficiency could be largely attributed to losses in the vaneless 
diffuser. The entrance section of the impeller and the passage 
in the region of the impeller -blade tip operated ineffectively 
even at the point of peak over-all efficiency. The entrance loss, 
which became very large at high flow, was the principal factor 
determining the form of the compressor-performance curve. The 
method developed for determining compressor performance from 
static -pressure measurements is limited to radial -inlet -type impellers 
in which flow is essentially two dimensional. 


INTRODUCTION 

One of the principal obstacles in the development of efficient 
centrifugal compressors has been the lack of a sound mathematical 
basis for the design of the impeller and the analysis of impeller- 
channel flow. Adverse pressure gradients are generally recognized 
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as producing flow separation in the impeller passage , which resul s 
in large losses. No method exists by which these adverse pressure 
gradients can be predetermined and controlled under conditions of. 
three-dimensional flow, such as exists in the passages of conventional 
centrifugal impellers. Furthermore, the determination of actual pres- 
sures existing in the passages of modern centrifugal -type impellers . 
would require extremely difficult instrumentation, and no comprehensive 
pressure surveys in such passages have been obtained. 


In a research program to establish correlation setween now 
theory and impeller performance, a two-dimensional radial -xnlet 
impeller was selected as a first approach. This type of impeller 
allowed a performance analysis based on readily obtainable measure- 
inents and the use of existing flow theory. Methods have been presented 
(references 1 and 2) for the study of two-dimensional flow by use of 
conformal transformation. The method of conformal transformation 
presented in reference 2 can be directly applied to impeller design 
and has the advantage of being applicable to a wide range of design 
assumptions. This method was used in the design of the research 
impeller . 

The impeller was designed by using the simplest concepts of two- 
dimensional" flow: an infinite number of blades and an incompressible 

fluid. This procedure permitted the tentative establishment o.. the 
limitations of the inf inite -blade theory as a basis for impeller 
design. The impeller -blade shape was determined by imposing a 
predetermined vortex distribution that was chosen to relieve. the . 
loading in the critical regions of the impeller passage. This choice 
of vortex distribution was arbitrary and experimental verification 
will be required for the choice of the optimum distribution. 


The performance of a compressor composed of the radial -inlet 
impeller and a vaneless diffuser was investigated using data 
obtained in a variable -component test setup. In addition to the 
standard over-all compressor-performance ratings, the character- 
istics of flow in the impeller and diffuser passages were deoer- 
mined. This analysis of flow, which was based on readily available 
static -pressure measurements, was possible because of the two- 
dimensional nature of the flow through the impeller. This experi- 
mental determination of performance using static -pressure data was 
a valuable phase of the development program because it indicated 
required modifications to the basic design theory.. Inasmuch as 
the program was essentially an impeller investigation, the dixiuser 
performance was not extensively investigated. 
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IMPELLER DESIGN 

The design of the impeller-blade shape followed the method 
suggested in reference 2 in which infinitesimal portions of the 
blades are replaced by vortices that are periodically distributed 
on a circle. • This vortex strength follows a prescribed distribu- 
tion that is summed up along the radius to determine the blade 
shape. This initial radial-inlet impeller was designed to reduce 
the loading in the entrance and exit regions of the impeller by the 
choice of a semielliptical graph of vortex distribution against 
radius; that is, the vortex distribution at design flow is zero at 
the entrance and the discharge tip of the blade. The details of 
the blade shape calculated by this method are given in appendix A. 

Based on these conside rat ions , the 18-blade radial-inlet 
impeller shown in figure 1 was constructed by the NACA. Because 
the blades are nonradial at most points in the impeller, they are 
subject to a blade -bending stress under the action of centrifugal 
force. The blade stresses were analytically investigated and the 
blade cross section chosen was one that would give reasonable 
blade stresses under the impeller operating conditions. 

The radial -inlet impeller differs from conventional impellers 
in that the velocity of the air at the impeller entrance is radial. 
Inasmuch as an axial inlet pipe was used, this radial velocity was 
provided by a flared section that changed the direction of flow 
from an axial to a radial direction. A mock-up of the inlet sec- 
tion was made to investigate the velocity distribution at a 
station corresponding to the entrance edges of the blades. The 
velocity variation across this station over an air -flow range 
comparable with that encountered in compressor tests is shown in 
figure 2 in terms of V/V av , the ratio of the local air velocity 
to the average air velocity at the station. These inlet mock-up 
studies indicated that the entrance velocity distribution was 
satisfactory for the full range of comr^ressor air flow. 


EXPERIMENTAL SETUP 

The radial-inlet impeller was initially investigated in a 
variable -component test setup similar to the one described in 
reference 3. The impeller was tested with a 34-inch vaneless 
diffuser of NACA design that has a passage-area divergence equiv- 
alent to a cone with an apex angle of 6° and lying along the ideal 
logarithmic spiral flow path for design flow. This type of dif- 
fuser gives a flat performance curve . 
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The location of standard instruments and the precision of 
instrumentation were those recommended in reference 4, except that 
the inlet measuring station was 4 instead of 2 pipe diameters from 
the impeller- inlet plane. In addition to the standard instrumen- 
tation, static-pressure taps were installed along the impeller 
stationary front shroud and the front and rear diffuser walls. The 
accuracy of static-pressure survey readings was ±0.05 inch of 
mercury. 

The impeller was operated in accordance with the procedures of 
reference 4 at actual tip speeds from 800 to 1.300 feet per second. 
At each speed, the flow was varied from wide open throttle to the 
incipient surge point of the unit. Inlet air was inducted directly 
from the test cell; the inlet-air temperature varied from 76° to 
83° F during, the investigation, A compressor lampblack flow pat- 
tern was made at the peak efficiency point at an actual tip speed 
of 1200 feet per second. 


RESULTS AND DISCUSSION 

Performance Characteristics Based on Standard 
Over-all Measurements 

The over-all compressor characteristics (adiabatic effi- 
ciency r| a( i; total-pressure ratio p^ 2/pt,l> corrected volume 
flow p/ /[ q , and corrected tip speed U/ V®) were calculated 
according to the standard procedures of references 4 and 5. 
Details of the calculated parameters and the defined symbols are 
given in appendix B. 

The over-all total-- pressure-ratio characteristics of the 
radial- inlet impeller tested with the vaneless diffuser are shown 
in figure 3 for corrected tip speeds from 782 to 1279 feet per 
second. Contour plots of adiabatic efficiency are superimposed 
on the total-pressure-ratio curves. Because of the large losses 
in the vaneless diffuser, peak over-all efficiencies for the com- 
plete assembly of impeller, diffuser, and collector were rather 
low, varying from 0.705 at a corrected tip speed of 782 feet per 
second to 0,625 at a corrected tip speed of 1279 feet per second. 
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Performance Characteristics Based, on 
St-at i c- Pre s sure Measurement a 


The variation in static pressure through the impeller and the 
diffuser provides an initial indication of the location and rela- 
tive magnitude of losses in the compressor. On the "basis of these 
static-pressure values plus calculated kinetic-energy values, an 
analysis of the flow characteristics in the compressor may be made. 
This analysis is made for the peak-eff j ciencv-f low point over a 
range of tip speeds and for a range of flows at an actual tip speed 
of 800 feet per second. Details of the method of calculating com- 
pressor performance using static-pressure data are given in 
appendix B. 

Static-pressure variation. - The variation in static pressure 
through the impeller and the diffuser is shown in figure 4 for max- 
imum, minimum, and one intermediate air flow and for the flow at 
peak over-all efficiency at actual tip speeds of 800, 1000, and 
1200 feet per second. These s t a t i c - pre s s ure profiles are shown as 
a ratio of the local static pressure p s to the inlet-pipe static 
pressure p s For operation at other than the design flow, the 
condition existing at the entrance section of the impeller is the 
principal factor determing the 3tatic-pressure profile and the 
operation of the impeller. Under conditions where an extreme 
angle of attack exists at the entrance edge of the impeller blade, 
a loss in static ^pressure occurs in the region of the impeller 
entrance. This primary pressure loss, which is never recovered, 
results in a secondary lo3S because it is multiplied by the pres- 
sure ratio through the impeller. The primary loss may be considered 
to be analogous to a pressure drop in improperly designed inlet 
elbows of a supercharger installation. 

Peak-efficiency operation . - The radial distribution of the 
addition of energy wa3 analyzed for the flow points of peak over- 
all efficiency by determining, useful and total work of compression 
by means of the static-pressure calculation method of appendix 3. 

The curves of the useful work of compression based on the assump- 
tion that air follows the curvature of the impeller channel H a( ^ c 
and the total work of compression based on the same assumption H c 
for the peak-efficiency points at actual tip speeds of 800, 1000, 
and 1200 feet per second (fig. 5), which have a marked similarity 
over the tip-speed range, 3how the rata of addition of energy in 
the system. The location and the magnitude of the principal losses 
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can be estimated from the relative slopes of H c and H^c* In 
the impeller , the main losses occur in the entrance section and in 
the region of the impeller tip. The portion of the work done in 
these ineffective regions is ; however, reduced "because of the 
reduction of loading resulting from the vortex distribution used 
in the design. 

The losses in the diffuser are largo at all speeds, as indi- 
cated by the drop in from the impeller tip to the diffuser 

discharge. No extensive study was made of the losses in the dif- 
fuser "because the program was basically an impeller investigation, 
but a large part of the losses apparently occurred near the inner 
radius. A lampblack flow pattern obtained at the peak- efficiency 
point for a tip speed of 1200 feet per second showed no evidence 
of separation on the diffuser surfaces. 

The local-operating-efficiency term p as developed in 

appendix B, gives an indication of the efficiency at which each 
portion of the impeller is operating. Curves of this local 
operating efficiency for the peak-efficiency points at actual tip 
speeds of 800, 1000, and 1200 feet per second (fig. 6) substantiate 
the conclusion that the entrance section of the impeller operates 
ineffectively. As discussed in appendix B, this low efficiency 
may represent either a direct pressure loss or a partly recoverable 
potential loss. In either case, however, the operation in the 
entrance portion of the impeller departs appreciably from ideal 
conditions. The local operating efficiency increases with radius 
until in the region between the 4.5- and the 6-inch radius the 
impeller operates at an efficiency approaching 1.00. Beyond the 
6-inch, radius, the efficiency falls off to a value of approxi- 
mately 0.65 at the 7-inch radius. This apparent drop in effi- 
ciency may be due to an undervaluation of the kinetic energy, 
which is possibly the result of a separation caused by the pre- 
ceding 3 harp bend in the impeller passage. 

The magnitude of the various losses and the effect of tip 
speed on efficiency are shown in figure 7* The calculated values 
for the peak adiabatic compressor efficiency from the 

impeller entrance to the impeller tip and to the diffuser exit are 
shown with the over-all peak efficiency T] a & based on the stand- 
ard analysis of references 4 and 5. The peak impeller efficiency 
is high, ranging from 0.90 to 0,86 over the tip- speed range from 
800 to 1300 feet per second. The drop in efficiency through the 
diffuser is large, with the drop increasing at higher tip speeds 
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to a maximum of 20 points at 1300 feet per second. The drop in 
efficiency resulting from losses in the collector and in the inlet 
and outlet pipes was relatively small and the drop remained very 
nearly constant throughout the speed range . 

The determination of H c and H ad c is dependent on the 
assumption that air follows the curvature of the channel. Although 
this assumption provides a method of analyzing the flow in the 
impeller, it results in an overvaluation of both H c and H ad c . 

A more precise evaluation of the tangential velocity of the air at 
the discharge tip and of the work of compression of the entire 
impeller may be made using the measured value of total temperature 
in the outlet pipe of the lagged installation. An adiabatic effi- 
ciency term T^ ad 0 , using these values of tangential air velocity 
at the discharge tip and the total work of compression of the 
impeller, may be determined by a static-pressure analysis method 
similar to that developed in appendix B for determining the energy 
terms. This analysis, although it cannot be applied to stations 
within the impeller, provides a measure of compressor performance 
at the impeller discharge tip. The efficiency of compression from 
the impeller entrance to the impeller tip determined by the static- 
pressure analysis using outlet -pipe total temperature measure- 
ments r) a £ Q shows close agreement with that determined in the 
analysis in which air i3 assumed to follow the curvature of the 
channel T) ad ^ c (fig. 7). 

Operation over flow range. - Operation of the compressor unit 
over the full flow range was analyzed at a tip speed of 800 feet 
per second. The variation in H c and H ad c for selected 
operating points (including maximum and minimum flow) is shown in 
figure 8. 

At the ideal flow, the relative direction of the air is 
parallel to a tangent to the impeller blade at entrance. Calcula- 
tions for flows greater than this value show an instantaneous drop 
in H c across the blade entrance (fig. 8(a) at the maximum flow 
of 4030 cu ft /min) resulting from the assumption that the air-flow 
direction changes instantaneously to follow the impeller-blade 
curvature. In other words, relative to the rotating impeller, the 
tangential velocity of the air increases instantaneously at the 
impeller entrance, which by equation (2) in appendix B results in 
a negative value of H c . The inlet tips of the impeller are acting 
as a turbine under these conditions. 
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The static pressure (fig. 4(a)) and therefore the useful work 
input (fig* 8(a)) drop off gradually rather than instantaneously, 
however , because the air does not make the change in direction 
instantaneously, as assumed in the calculation. This pressure 
loss, which is due to the extreme angle of attack at the entrance 
edge of the impeller blade, is essentially a throttling loss. 

Inasmuch as the assumption that air follows the impeller 
blades is invalid under the extreme operating conditions at the 
maximum-flow point, the analysis is useful only in indicating 
trends at these large flows. For example, H c appeal's to be less 
than H a £ c (an impossible condition) because the air does not 
instantaneously change direction to follow the channel curvature. 
The indicated increase in H a( j^ c in the diffuser is probably the 

result of inaccurate static-pressure readings in the turbulent 
region of the impeller tip. The calculation at the maximum-flow 
point definitely shows, however, that the pressure drop at the 
impeller entrance, which is never recovered, is the principal 
determining factor of the low efficiency of the unit at high load 
cc efficients. 

The same general characteristics are evident at the lower 
flow of 3546 cubic feet per minute (fig, 8(b)), although the mag- 
nitude of the throttling action across the impeller entrance is 
smaller for this flow and does not extend over so large a portion 
of the impeller. Here again, efficient pressure conversion begins 
at a point well within the impeller. 

At the peak-efficiency point (fig# 5(a)), no such loss occurs 
in the entrance section of the impeller. The principal determining 
factor of the efficiency of operation of the unit therefore seems 
to be the condition across the impeller entrance. The curves for 
the minimum-f low of 1448 cubic feet per minute (fig. 9(c)) have the 
same general characteristics as those for the peak-efficiency point 
(fig, 5(a)), although the over-all efficiency of operation is 
slightly less. 

A plot of the characteristic efficiencies over the flow range 
at an actual tip speed of 800 feet per second is shown in figure 9. 
The drop in efficiency through the diffuser is nearly constant over 
the principal portion of the flow range; whereas, the drop in effi- 
ciency through the pipes and in the collector increases with an 
increase in flow. The efficiency from the impeller entrance to the 
impeller tip determined from a static-pressure analysis based on 
total- temperature measurements in the cutlet pipe T) a( ^ 0 is also 
shewn in figure 9, A close correlation between the two methods of 
static-pressure analysis is again indicated. 
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Hydraulic-Eff iciency Characteristics 

The hydraulic efficiency rjj 3 , as defined in appendix B, rep- 
resents the degree to which the design condition that air followed 
the impeller- channel curvature was approached. The hydraulic effi- 
ciency for the radial-inlet impeller at an actual tip speed of 
800 feet per second (fig. 10) shows that the impeller performance 
approached but did not attain the performance for an impeller with 
an infinite number of blades. The design method based on an infi- 
nite number of blades therefoi’e was not entirely valid. No appre- 
ciable variation in the hydraulic efficiency over the tip- speed 
range was indicated. 

The hydraulic-efficiency characteristic for a conventional, 
radial-bladed impeller is presented in figure 10 for comparison 
with the hydraulic efficiency of the radial- inlet irrrpeller. The 
curves show a marked similarity in trend and magnitude and indicate 
that, in the radial-inlet impeller, the deviation of the air from 
tangency with the impeller blade at discharge is comparable with 
that of conventional radial-bladed impellers. 


SUMMARY OF RESULTS 

From an investigation of a compressor unit composed of a 
radial-inlet impeller and a vane less diffuser by standard perform- 
ance tests and by an analysis based on static-pressure measurements, 
the following results were obtained: 

1. The over-all efficiency of the compressor was low; peak 
values varied from 0.705 at a corrected tip speed of 732 feet per 
second to 0.625 at a tip speed of 1279 feet per second. This low 
efficiency can be largely attributed to high losses in the 34-inch, 
vane less diffuser. 

2. The static-pressure investigation for the peak-efficiency 
points shows that the entrance section of the impeller and the 
passage in the region of the impeller tip operated ineffectively 
and the section of the impeller from 4.5- to 6.0-inch radius 
operated at an efficiency approaching 1.00. This low operating 
efficiency in the entrance and discharge regions of the impeller 
represents either direct pressure losses or a channel that is not 
flowing full, either of which is detrimental to good impeller 
operation. The portion of the work done in these ineffective 
regions is, however, reduced because of reduction of loading 
resulting from the vortex distribution for this initial design. 
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The impeller efficiency determined at the impeller discharge ^ 
tip is therefore high, ranging from 0.90 at an actual tip speed of 
800 feet per second to 0.86 at 1300 feet per second. 

3. The impeller has inherently critical entrance conditions, 
which induce a drop in static and total pressure in the entrance 
section of the impeller passage for flows greater than that at the 
design point. This entrance loss, which becomes very large at ^ the 
maximum flow point, is never recovered and is the principal deter- 
mining factor" of the form of the compressor performance curve. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, October 16, 1946. 
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APPENDIX A 


CALCULATION OF TMP ET.T.ER BLADE SHAPE 

The impeller-blade shape is determined by the method suggested 
in reference 2 , in which infinitesimal portions of the blades are 
replaced by vortices that ere periodically distributed on a circle. 
The velocities produced by the summation of these vortices are 
given by the following relations presented in reference 2 (the 
notation of reference 2 has been maintained): 


rv <p = 



hT 

Se 



cos >n ( cp - 0 ) 


dE 


n_f X ' a 5T y / r vAn 

2n jr Sb ' ' R ^ 

A? 1 


cos 


\n (cp - 0) dR 


rv r 



3T 

\=1 



sin An ( cp - 0) dR 


_n f r a ST V' 

2lt Jr Sr 

J A=1 



sin An (cp - 0) dR 


where 

r . cp polar coordinates used to describe flow 
r ; 0 polar coordinates used to describe blade shape 

v^ tangential component of air velocity 

n number of blades 

radius at entrance of impeller blades 
T vortex strength 
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r radius of circle on which, vortices are distributed 
r a radius at discharge tip of impeller blades 

v r radial component of air velocity 

A solution can be obtained for an impeller with a finite number 
of blades by making a summation of these equations for the radial 
and tangential velocities. With the simple hypothesis of an infi- 
nite number of blades , however } the radial component of velocity 
vanishes and the tangential- veloc Lty equation becomes 


rv- 


n 


9 “ 2 « 


r 


ri 


sr 


Sr 


- cLR 


The relation between di'/c® and dE is determined by the assumed 
vortex distribution. For an infinite number of blades the relative 
path of the fluid is coincident with the blade shape and the equa- 
tion of reference 1 may be expressed as 


tan P 


n 


T - oor 

2nr 


v~. 


whore 

d angle of blade with respect to radius 
a> angular velocity of impeller 

The shape of the impeller blade can then be found by integration; 

4 >(r) - c?(r ;1 ) = j r ^ dr 

J r i 

The blade shape calculated by this method is shown in figure 11. 

The additional assumption of an incompressible fluid and a 
constant radial velocity were made for this design. The impeller- 
blade height was calculated to give this constant radial velocity 
for an incompressible flow. 
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APPENDIX B 


CALCULATION OF PEEFORMANCE 
Symbols 

The following symbols are used in the determination of compres- 
sor performance: 

A total annular area of impeller passage at given radius, 

sq ft 

c-q specific heat of normal air at constant pressure, 

Btu/(lb) (°F) (0.243) 

g acceleration of gravity, ft/sec^ (32,174) 

H total work of compression determined from inlet- and outlet- 

pipe measurements; increase in enthalpy per unit mass, 
ft- lb /lb mass 

Had useful work of compression determined from inlet- and outlet- 
pipe measurements; isentropic increase in total enthalpy 
per unit mass for given pressure rise, ft-lb/lb mass 

H c total work of compression based on assumption that all air 
follows curvature of channel; increase in total enthalpy 
per unit mass, ft-lb/lb mass 

^ad,c useful work of compression based on assumption that air 
follows curvature of channel; isentropic increase in 
total enthalpy per unit mass for given pressure rise, 
ft-lb/lb mass 

J mechanical equivalent of heat, ft-lb/Btu (778) 


A cos 8 cos € 

p pressure, lb/sq ft absolute 
Q volume flow rate, cu ft /min 
r compressor radius, ft 
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T 

U 

V 

V 
W 

a 


7 

£ 

%.d 
^ad, c 

nz 

nh 

0 


absolute temperature, °R 

impeller tip speed, ft/soo 

absolute velocity of air, ft/sec 

velocity of air relative to impeller, ft /sec 

weight flow rate, lb /sec 

projected angle of mean flow line with respect to plane 
normal to axis of impeller rotation, deg 

true angle of mean flow lino with respect to plane normal 
to axis, deg (tan " 1 cos e tan a; vector diagram of rela- 
tions shewn in fig. 12) 

ratio of specific heats for normal air (1.3947) 

angle of blade with respect to radius, deg 

over-all adiabatic efficiency determined from inlet- and 
outlet-pipe measurements 

adiabatic compressor efficiency based on assumption that 
air follows curvature of channel 

local operating efficiency 

hydraulic efficiency 

ratio of actual inlet stagnation temperature to standard 
sea -level temperature, 518,4 


p density, Ib/cu ft 

T applied torque, ft- lb 

jj angular velocity of impeller, radians /sec 

The subscripts denote the following: 

1 condition at measuring station in inlet pip© 

2 condition at measuring station in outlet pipe 
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3 condition at entrance to impeller blades 

a axial component 

r radial component 

s static, or true, stream value 

t total, or stagnation, value 

0 tangential component 


Performance Characteristics Baaed on Standard 
Over-all Measurements 

The over-all compressor characteristics were calculated in 
accordance with the standard procedures of references 4 and 5. 
Calculated parameters included over-all adiabatic effi- 
ciency p ad = H a(i /H, total-pressure ratio p t 2 /Pt 1/ volume 
flow corrected to standard sea-level conditions Qt ; 1 / V©, and 
corrected tip speed U / y0. 


Performance Characteristics Based on 
Static-Pressure Measurements 

The determination of compressor flow characteristics was 
based on static-pressure measurements. In the impeller, the 
kinetic energy was calculated from mass flow by using static- 
pressure measurements and assuming full flow in the impeller 
channel. The efficiency of operation thus determined throughout 
tne impeller channel indicates the degree to which impeller per- 
formance approaches the design condition and indicates the regions 
of the impeller that should bo modified for improved performance. 
This method of experimental analysis is limited to impellers in 
wnich flow is essentially two dimensional. 

The diffuser flow characteristics were determined in a manner 
similar to that used in the impeller. The kinetic energy in the 
diffuser was calculated from mass flow and conservation of angular 
momentum by using static-pressure measurements and assuming full 
flow in the diffuser channel. 
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Energy terras. - Tlie analysis of the performance of a radial - 
inlet impeller is made on the basis of static-pressure measurements 
and fundamental physical relations. A "basic assumption, Justified 
by the design assumption of an infinite number of blades, is made 
that flow follows the blade and fills the passage. The average 
state of the air at any point in the system is determined by the 
front -shroud static-pressure measurements, Bernoulli's equation for 
comnressible flow, and the continuity equation. Although the front 
shroud is a curvilinear surface, a basic assumption of no axial 
variation in pressure at a given radial station can reasonaoly be 
adopted. 

The energy terms H c and H a( ^ c referred to the state point 
at the impeller entrance were determined for the various compressor 
stations, by use of the preceding relations. Tne derivation of tne 
eouations for calculating the3© energy terms is as follows: 

The energy at the impeller entrance is 


y ?s,3 ^3 Tfn 

TrHy ^ + -15 ■ 

The energy added by the impeller is 

H c = too = — = ~ (uJr - v e ) 
The energy at any point in the impeller is 


( 1 ) 


( 2 ) 


-/ Ps V 2 
Tv “ n p 3 + 2g 


( 3 ) 


where 


V 2 = v r 2 + v a 2 + (oor - v 0 ) 2 

When the energy terms of equations (1) and (2) are equated 
with equation (3) 
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From continuity of flow 


v = 


__W _k 

p A con 3 coo e P c 


(5) 


The following quadratic expression in terms of p_ is evolved 
by combining equations (4) and (5): 


2 I U' 2 r 2 


0 




2g~ + c p JT t,3 j - p s jj~ry 


f ™S 

(y - 1 


k_ 

2g 


= 0 


( 6 ) 


After equation (6) is solved for p a , and v is determined 
from equation (5) 


v n = v sin ft 
Tg = v sin c cos P 
v r = v cos € cos P 

The total pressure is then determined from the relation 


2_ 7 £s 

vr - V P t " (7 -TF p 3 + 2g 

By the adiabatic relation, 


1 



and, when substituted in equation (7); equation (8) gives 


(7) 


( 8 ) 


1 

( 9 ) 

Ihe useful work input to the air H, J( ^ c is calculated as the 
isentropic increase in total enthalpy per pound of air 


Pt = Ps 


(*- i£fs +l .oY‘ 

V 7 2g p j 


18 


MCA TN No. 1814 


H, 


ad,c = °P JT t,3 


G 


r 1 


h. ..\ 

Pt,3 i 


» 1.0 


( 10 ) 


The total work input per pound of air, when no prerotation of the 
air is assumed, is given by equation (2) . 

In a similar manner, the value of H., d ^ at any point in the 
diffuser passage can he determined. The total work inpuu Hq c.t 
any point in the diffuser is taken as that at the impeller tip. 


Adiabatic compressor ef ficienc y . - The adiabatic corapressoi 
efficiency r)~|~ c " was determined by using calculated energy values. 

This term is the ratio of the useful worn to tno total woi.. input, 
with the change of state measured from the impeller entrance to the 
particular compressor station: 

•^ad , c 

^ad^ ~ " E c 


Local opera ting efficiency in impel ler. - In order to obtain an 
indication 'of the efficiency at' which each portion of the impeller 
was operating and to locate the sources of losses in the impeller, 
the local operating efficiency T]^ was expressed as 


dr ad, c 


This local-efficiency parameter is the ratio of the rate of addition 
of useful work to the rate of work input. This parameter was deter- 
mined "by graphical methods from the values of H c and 3ad ; c 

culated by equations (2) and (10), respectively. 

As a result of the assumption of full channel flow, however, 
regions of low local efficiency may not necessarily mean direct 
losses in total pressure; that is, in the event that the channe. 
does not flow full and that a small region of high velocity exists 
in the impeller passage, the calculated kinetic energy and there- 
fore the efficiency will be lower than the actual value, even 
though no real loss in total energy at the point of measurement 
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.necessarily occurs. Subsequent losses (potential losses) occur, 
however, in the conversion of tills extra kinetic energy to pressure 
because of the resulting turbulence in the stream; therefore, even 
though iov local efficiencies may mean either direct losses or 
potential losses in energy, they indicate the region of and the 
approximate magnitude of the departure from design performance , 


Hydraulic Efficiency 

The hydraulic efficiency for the impeller was defined as 
the ratio of the actual work input to the work input that would 
exist under the design assumptions of full channel flow and that 
the air followed the curvature of the channel 



This term is comparable with the slip factor of a conventional 
radial-bladed impeller but takes into account the backward slope 
of the blades at the discharge tip. Hydraulic efficiency repre- 
sents the degree to which the design condition that air followed 
the impeller- channel curvature was approached. 
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Figure 2. - Velocity profile across impeller-blade entrance section 
at radius of 3.5 inches as determined from mock-up tests. 
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Figure 3. - Over-all total-pressure-ratio characteristics of radial-inlet impeller 
and vaneless diffuser. 
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Figure 4 . - Distribution of static-pressure ratio along radius of radial-inlet impeller 
and vaneless diffuser. 
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Figure 4. - Continued. Distribution of stati c-pressure ratio along radius of radial 
Inlet impeller and vaneless diffuser. 
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Figure 4. - Concluded. Distribution of static-pressure ratio along radius of radial- 
inlet impeller and vaneless diffuser. 
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Figure 5. - Distribution of useful work H.,j c and total work H, of . c ?*I!S r ®*f »l° n 9 
radius of radial-inlet impeller and vaneieis diffuser at peak-SffIciancy points 
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Figure 6. - Distribution of local operating efficiency of radial- 
inlet impeller along radius at peak-ef f ic iency points. 
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Actual impeller tip speed, ft/sec 


Figure 7. - Peak adiabatic compressor efficiency based on standard and stat i c-pressu re 
analyses for radial— inlet impeller and vaneless diffuser. 
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(b) 3546 cubic feet per minute. 



? f u f? ful "° rk H #diC and total work H c of compression along 
radius of radlat-lnlet Impeller and vaneie^s diffuser at actual tip speed of 80C feet 

per SvCOfiu • 
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Figure. 9. - Adiabatic efficiency based on standard and stat ic-pressure analyses for radial- 
inlet impeller and vaneless diffuser at an actual tip speed of 800 feet per second. 
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Figure 10. - Hydraulic efficiency of radial-inlet impeller and conventional impeller at an actual tip 
speed of 800 feet per second. 
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Figure 11. - Blade shape of radial-inlet impeller 
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Figure 12. - Vector diagram of angular relations in impeller 
passage. 


